Abstract -This paper introduces an originally designed wheelchair robot equipped with a novel type of Variable Geometry Single Tracked Mechanism (VGSTM) that can actively control the robot shape and the track tension. So it becomes possible to improve the obstacle clearing capability of the robot by adapting the robot shape for the obstacle. Tip-over and slippage for track typed mobile robots are intractable problems especially in stair-climbing, which is the most fundamental obstacle clearing performance of the wheelchair robot, because of the complex track-stair interaction. In this paper, a tip-over and slippage stability criterion is derived based on the geometric model, the static model, and the track-stair interaction analysis. The stability state of the wheelchair robot during stair-climbing is obtained by simulation.
I. INTRODUCTION
The traditional wheelchair has high mobility on even terrain, but when facing some obstacles such as stairs, the locomotion of the wheelchair will be seriously limited, which brings great discommodity to the user. For the purpose of improving the obstacle clearing capability, especially the capability of stair-climbing, many wheelchair robots that combine the traditional wheelchair with the locomotion mechanism of mobile robots have been proposed.
According to the difference in the locomotion type for stair-climbing, wheelchair robots can be categorized into wheeled cluster robots, legged robots, and tracked robots. The wheeled cluster wheelchair robot can perform stair-climbing movement [1] , but the climbing process may be uncomfortable for passengers, and the security cannot be guaranteed without appropriate assistance. The legged wheelchair robot has high capability of stair-climbing, but the structure of the mechanism is excessively complex [2] [3] . Compared to these two types of robots, the tracked wheelchair robot has better stationarity because of the larger contact area with the stairs, and the structure of the mechanism is compact enough [4] [5] . However, when climbing to the peak of the stairs, if the tracked mechanism is in the form of single-section, the robot will have difficulty in stable transformation of its posture, and even if the tracked mechanism is in the form of multi-section, the moving process of the robot will still not be smooth enough.
To improve the terrain adaptability of common tracked wheelchair robots for the peak of the stairs, a wheelchair robot equipped with Variable Geometry Single Tracked Mechanism (VGSTM) has been proposed in our lab [6] [7] . Different from general VGSTMs [8] [9] , this mechanism can actively control the robot shape and the track tension to adapt the robot shape for the obstacles. Thus, the wheelchair robot equipped with this mechanism will have better capability of stair-climbing.
When the wheelchair robot climbs stairs, if the tip-over incident happens, the robot may be damaged, and even the passenger may be bruised; if the slippage between the track and the stairs is too large, the robot will not go on the stairs. Several tip-over stability criteria have been put forward, such as the energy stability margin [10] , the zero moment point method [11] , the force-angle stability criterion [12] , and the supporting force criterion [13] . However, these stability criteria have not considered the slippage between the track and the stairs. A new tip-over stability criterion with consideration of track-stair interaction has been derived in [14] , but the slippage motion is limited to the special track grouser. In this paper, first, the design of our wheelchair robot and its stairclimbing performance are introduced. Then the geometric models of the robot and the passenger are presented, and the static model of the robot is established. Following that, a tipover and slippage stability criterion appropriate for our robot is derived based on the analysis of the interaction between the track and the stairs. Finally, the simulation is performed, and stability state of the robot during stair-climbing is obtained.
II. ROBOT DESCRIPTION

A. Mechanism and Control System
The mechanism of the wheelchair robot consists of a chassis with a chair on the top and two VGSTMs installed symmetrically at the flanks of the chassis, as shown in Fig. 1 . In the VGTSMs, two back flippers can be driven synchronously to control the robot shape, and two front flippers can be driven synchronously to control the track tension. Two pairs of planetary wheels are attached at the tip of the flippers, and the two back planetary wheels are also used as the driving wheels that can be driven independently to realize moving and steering of the robot. Some road wheels, guide wheels, and idlers are also installed to assist the mechanism to work.
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The wheelchair robot is equipped with an inclinometer on the chair to read its pitch angle and a torque sensor at the revolute joint of the front flippers to detect the received torque. With a standard joystick and the information acquired from the sensors, the robot can perform stair-climbing in the tele-controlling mode or the semiautomatic mode.
B. Stair-Climbing Procedure
The stair-climbing procedure of the wheelchair robot can be divided into four phases. In phase 1, the back and the front flippers of the robot rotate counter-clockwise to definite angles to make the chair retroverted, as shown in Fig. 2(a) . In phase 2, the robot starts to climb the first several stairs backward. When the pitch angle of the chair reaches a definite value, as the robot moves on, the back and the front flippers rotate counter-clockwise sequentially to keep the expected chair obliquity, as shown in Fig. 2 (b)~(d). In phase 3, the robot has climbed onto the stairs completely and goes on moving on the nose line of the stairs with the back flipper keeping at the terminal position, as shown in Fig. 2(e) . In phase 4, when the back flipper passes over the nose of the last stair completely, the robot stops moving and the back flipper rotates clockwise to make the robot shape adapt for the peak of the stairs until the back planetary wheel has supported on the upper floor, as shown in Fig. 2(f) . Then the robot keeps on climbing with the back and the front flippers rotating clockwise until the robot loads on the upper floor completely, as shown in Fig. 2(g) -(h).
III. GEOMETRIC MODEL
A. Coordinate System of the Robot
In the symmetry plane of the robot mechanism, the coordinate system is defined as follows: frame o W -x W y W z W is fixed on the lower floor of the stairs; frame A-x A y A z A is attached to the chassis of the robot to represent the position of the front road wheels and the chair obliquity; frames B-x B y B z B and C-x C y C z C are attached to the front and the back flippers separately to represent their rotations, as shown in Fig 3. In the coordinate system, some points are defined to denote the significant positions of the robot mechanism and the stairs, as shown in Fig. 3 . When the design parameters of the robot and the stairs are determined, these points can all be expressed in the corresponding frames [6] , and the relative position to the stairs and the shape of the robot can be described by the vector q :
is the coordinates of point A in plane x W -o W -z W ; θ is the rotation angle from frame o W -x W y W z W to frame o Ax A y A z A that can represent the chair obliquity; α and β are the rotation angles from frame A-x A y A z A to frames B-x B y B z B and Cx C y C z C separately that can represent the rotations of the front and the back flippers.
B. Geometric Equations of the Robot
During stair-climbing, the wheelchair robot needs to keep appropriate chair obliquity by rotating the back flipper and appropriate track tension by rotating the front flipper. According to the position of the back planetary wheel subjected to the stairs and the position of the front planetary wheel subjected to the track length, the equations of the back and front flippers that can represent the variations of the pitch angle of the chair, the rotation angle of the back and the front flippers are derived as follows [7] : 1) Phase 2: Aiming at the condition that only the back planetary wheel supports on the stairs as shown in Fig 2(b) , the equation of the back flipper can be derived as:
where 3 r is the radius of the back planetary wheel. Because the bottom tack segment on this condition of phase is straight, the equation of the front flipper can be derived as:
where L is the length of the track; r 2 is the radius of the front planetary wheel, the front road wheel, and the idler; r 1 is the radius of the guide wheel; I ∠ is the radius angle faced by the track segment surrounding component I; L IJ is the length of the track segment between components I and J. The two expressions in (2) are corresponding to the two conditions that the idler C or the guide wheel G work when the back flippers rotate to different positions.
2) Phase 3: The equation of the back flipper in this phase can be derived as:
tan 0 tan 1 where h and ϕ are the riser height and the incline angle of the stairs.
In this phase, the bottom track segment is still straight, so the equation of the front flipper can also be expressed by (2).
3) Phase 4: Aiming at the late stage of phase 4, while the robot is moving on the stairs, the equation of the back flipper can be derived as:
Because the bottom tack segment in this phase is folded, the equation of the front flipper can be derived as:
C. Description of the Passenger
In order to describe the attitude and action of the passenger which has considerable influence on stability of the wheelchair robot, the passenger is simplified to a humanoid robot [6] . The definitions of the coordinate system, mechanical parameters and joint variables of the humanoid robot are shown in Fig.4 .
In Fig.4 , the links of the humanoid robot denote the pelvis, the trunk, the head, the arms, the forearms, the thighs and the legs of the passenger separately; frames O p -x p y p z p and O l(r)nx l(r)n y l(r)n z l(r)n are fixed with these links; d i is the length of these links, q j is the rotation angle of the revolute joints of the humanoid robot.
Assuming that the pelvis link is fixed to the chair of the wheelchair robot, then based on the given ( , , )
Op Op x y z and d i , the attitude and action of the passenger can be described by the vector p q , which contains the joint variables of the humanoid robot, and the derivative of the vector. 
IV. STATIC MODEL
Since the wheelchair robot must have enough security and comfort, the movement velocity of the robot cannot be too large. So in this section, the wheelchair robot and the passenger are assumed to be one static balance system during stair-climbing, and the forces applied to the whole system that are considered are the gravity and the external forces applied by the stairs.
First we divide the wheelchair robot into the parts of the main body, the back flipper, the front flipper, the back planetary wheel, and the front planetary wheel. Then the gravity of each part of the wheelchair robot and the humanoid robot simplified from the passenger i G can all be expressed by their mechanical parameters and the variables q and p q .
The external forces applied by the stairs ex F , which are shown in Fig. 2 , can be classified into two types: the tangential and the normal forces applied by the noses of the stairs Ni 
where IJ l is the vector from point I to point J; i O is the mass center of each part of the system; n is the quantity of the stairs; m is the quantity of the parts of the wheelchair robot and the humanoid robot, and in the static equations of this paper, the external forces applied by the noses and the floors of the stairs that do not contact with the robot will be set as zero.
In order to solve the static balance equations of the whole system, some assumptions are as follows [14] : the tangential forces applied by the floors of the stairs are proportional to the normal forces applied by the floors of the stairs, and the proportionality coefficient is denoted by s f ; the differences of normal forces of all the contact points are consistent; the tangential forces of all the contact points will be solved out in the form of summation if they are along the same line.
V. STABILITY CRITERION
A. Track-Stair Interaction Analysis
It has been proved that the track-stair engagement has been improved dramatically by the track grouser. Some sufficient and necessary conditions for non-slippage have been given by some expressions based on the track-stair interaction analysis for the rectangle track grouser [14] . However, as to the triangle track grouser that is used in the track of the wheelchair robot, the slippage surface can be on either the track or the tread of the stairs as shown in Fig.5 . Fig 3(a) , and the non-slippage condition can be given by , the slippage can happen on the track grouser in Fig 3(b) 
On the other hand, if
, only the left half part of (9) can be obtained.
B. Tip-Over and Slippage Stability Criterion
During stair-climbing of the wheelchair robot, if the normal forces applied at the floor or the nose of the stairs is negative, the tip-over accident will happen. Furthermore, to ensure that the robot is able to climb onto the stairs with limited slippage, the normal and tangential forces must meet the non-slippage condition. Therefore, considering the moving direction of the robot, the tip-over and slippage stability criterion for each phase can be derived as: 1) Phase 2: Aiming at the condition that only the back planetary wheel supports on the stairs as shown in Fig 2(b) , the stability criterion can be derived as:
where Ti N , Ni N , and Ni F can be solved out from the static balance equations, and if can be determined by replacing T ϕ by T σ in (11).
2) Phase 3: In this phase, there are more than one contact points between the track and the stairs. However, the simplified solution can be obtained from the static balance equations based on the assumptions in section IV, and the stability criterion can be derived as:
where max f can be determined as (11) , and F N can be derived as follows: and b is the tread length of the stairs; g d is the grouser distance.
3) Phase 4: Similarly to phase 2 and 3, the stability criterion in this phase can be derived as:
where max f and F N can be derived as (11) and (13) To study the tip-over and slippage stability under the influence of the passenger's attitude during stair-climbing, it is assumed that the attitude of the lower body of the humanoid robot keeps in the state of , and the back planetary wheel supports on the first stair. The variations of the forces applied by the stairs are acquired as Fig. 6(a) . For the late stage of phase 2, assuming that the chair keeps in the obliquity 5 θ = − , and the back planetary wheel supports on the third stair. The variation of the forces applied by the stairs are acquired as Fig. 6(b) .
For phase 3, assuming that the chair keeps in the obliquity To avoid unnecessary duplication, only the simulation result of the early stage of phase for case 2 is presented, and the variations of the forces applied by the stairs are shown in Fig. 6 (h). From Fig.6 , the position-varying T N , N N , and N F can be acquired during each phase of stair-climbing under the influence of the passenger attitude. According to the tip-over and slippage stability criterion derived in section V, it can be obtained that the tip-over accident will not happen under the two cases of the passenger attitude, and the wheelchair robot can perform the stair-climbing successfully.
VII. CONCLUSION AND FUTURE WORK
In this paper, an original wheelchair robot equipped with a novel type of VGSTM has been presented. This mechanism that can actively control the robot shape and the track tension has been proved to have great interest in improving the obstacle clearing capability of the wheelchair robot by adapting the robot shape for the obstacle. A tip-over and slippage stability criterion is derived based on the geometry model, the static model, and the track-stair interaction analysis. The stability state of the wheelchair robot during stairclimbing is obtained by simulation.
In the future work, more sensors will be added on the wheelchair robot to increase its perception and estimation capability of the terrain and the passenger's posture. An online control algorithm for stair-climbing will be developed based on the tip-over and slippage stability criterion.
